Seasonal distribution of nitrogen fixation by Spartina alterniflora epiphytes and in surface and soil samples was investigated in a Georgia salt marsh which was amended with sewage sludge or with glucose and/or ammonium nitrate. There was no significant difference between the rates of fixation in the unamended and sewage sludge plots. Additional perturbation experiments suggested that nitrogen addition indirectly stimulates nitrogen fixation by enhancing Spartina production and root exudation. Glucose additions, on the other hand, suppressed nitrogen fixatioxi on a long-term basis. It is suggested that the microbial population in the soil out-competed the plants for the available nitrogen and in turn suppressed plant production and possibly root exudation. A comparison of nitrogen fixation in clipped and unclipped Spartina plots substantiated the suggestion that root exudation probably supports nitrogen fixation. Fixation in the clipped plots was significantly lower (P < 0.05) than the rates in the unclipped plots.
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Marshlands on the east coast of the United States represent nearly 600 thousand hectares (22) . They have many functions, one of which is providing a nursery and habitat for many migratory and indigenous fish populations. The economic importance of marshes is quite obvious. Therefore, future usage of these lands must not disrupt the function of the various trophic levels which exist in the ecosystem.
Gosselink et al. (7) proposed using the marshes as a potential natural tertiary treatment plant. However, studies of the effects of secondary sewage on marsh production and microbial ecosystem have only recently been initiated (see 3, 31, 32) . The results from these studies indicate that the growth of Spartina alterniflora is stimulated. Other biological processes (e.g., nitrogen fixation and dentrification) are either stimulated or inhibited. To understand the possible consequence of sewage sludge disposal on the salt marsh metabolism, many intricate and connected biological and chemical processes require investigation. In this paper the results of a 12-month study on nitrogen fixation in a natural and sewage sludge-amended short S. alterniflora salt marsh are examined. I Contribution no. 333 of the University of Georgia Marine Institute. 2 Present address: Skidaway Institute of Oceanography, Savannah, GA 31406.
MATERIALS AND METHODS
Sewage sludge sites. The study sites were in the Duplin River salt marsh contiguous to Sapelo Island, Ga. Four separate blocks (100-M2 plots) were chosen in the short S. alterniflora marsh for this study (see 4 and 5 for a description of the plant zones around Sapelo Island). Two of the blocks received ground-up dried sewage sludge twice monthly at a rate of 200 g/m2, equivalent to 4.0 g of N/M2 (3). The sludge was applied by hand. The other two control blocks were separated from the sewage sludge plots by a road so as not to be influenced by the applied sewage sludge.
High-marsh nutrient amendments. Four replicate blocks in the short Spartina marsh were divided into ten 0.1-nM2 plots. The plots were randomized and treated in 10 different ways. Spartina in one-half of the plots in each replicate was clipped and lawn edgings were pushed down into the marsh to a depth of 15 cm; the other half remained unclipped with no lawn edging. The lawn edgings were used to prevent any lateral root movement into the experimental plots from adjacent zones. The clipped and unclipped plots were then treated with: (i) glucose (50 g/m2 per month), (ii) ammonium nitrate (10 g/m2 per month), (iii) glucose plus ammonium nitrate, (iv) rhodamine WD, and (v) no addition. Beginning in February, the nutrients were applied at a rate of 250 ml (50 g of glucose/liter, 11.4 g of ammonium nitrate/liter) per 0.1 m2 once a month for 5 months. The nutrients were injected into the plots (0 to 15 cm) with a 50-ml syringe with a l/hs-inch (1.6 mm) gauge stainlesssteel tube (20 cm long). As a control on nutrient injections, two plots (clipped and unclipped) were 846 injected with distilled water. There was no difference in salinities between the distilled water controls and the adjacent marsh at the end of the fifth month (Robert R. Christian, Drexel University, unpublished data). The blocks were sampled in July, and duplicate cores were taken from each plot except the rhodamine plots. The 0-to 5-cm and the 10-to 15-cm zones from each core were cut in half vertically and placed in bottles for acetylene reduction assay as described below. Cores from outside each replicate were also sampled and run simultaneously with the experimental cores on each sampling day.
Nitrogen fixation: marsh surface. Rates of fixation were estimated in the short Spartina marsh by the acetylene reduction method (13) .
For in situ measurement of surface nitrogen fixation, a relatively low-volume ( The distribution of nitrogen fixation over depth was investigated. The monthly rates were normalized on a gram (dry weight) per hour and milligram of N per hour basis, and the mean monthly rates were plotted along with the mean monthly percent N in the soil profile ( Fig. la and b) . The results clearly indicate a definite zone of activity at 5 to 7 cm. Below 5 to 7 cm the activity decreased rapidly. The distribution of activity approximates the root density distribution in the short Spartina marsh (8) . The average coefficient of variation for the normalized data (grams, dry weight) was 92 ± 20% (standard deviation), which reflects both seasonal variation and heterogeneity in the system.
Two different activity patterns were found for the control (Fig. la) and sewage sludge (Fig.  lb) plots when the rates were normalized on a milligram of N basis. Significantly more (P < 0.05) nitrogen was fixed at 5 to 7 cm in the sewage sludge plots than in the control plots. The results suggest a stimulation of nitrogen fixation by root exudation (see Discussion).
In the surface layer the total nitrogen content was two to three times higher in the sewage sludge plots than in the control plots ( Fig.  la and b, respectively) . The nitrogen content below 5 cm was similar in both areas.
High-marsh nutrient amendment. In addition to the high-marsh sewage sludge perturbation experiments, several Spartina plots were either clipped or left unclipped and the soil was enriched with glucose and/or ammonium nitrate. As shown in Fig. 2 , nitrogen fixation was significantly (P < 0.05) influenced in the present Spartina culms. In soil plots which were clipped ( Fig. 2a and 2b) , fixation was significantly (P < 0.05) lower than in plots which were not clipped ( Fig. 2c and 2d ).
There was no significant (P > 0.05) difference between treatments within either the clipped or the unclipped plots (Fig. 2) . However, in the unclipped 0-to 5-cm zone (Fig. 2a) , ammonium nitrate appeared to stimulate nitrogen fixation, whereas fixation was low in the plots enriched with glucose and glucose plus ammonium nitrate (Fig. 2a) . On the other hand, nitrogen fixation within the 10-to 15-cm zone was significantly greater (P < 0.05) in the ammonium nitrate-treated plot than in the other plots (Fig.   2b) .
Nitrogen fixation in the outside control was lower only in the 0-to 5-cm zone (Fig. 2a) . This may have been due to the injection holes which were produced when the various nutrient solutions were added to the soil. In any case, the clipped and unclipped nutrient treatments are directly comparable. The mean coefficient of variation for the entire data set was 43 + 17% (standard deviation), again indicating heterogeneity. Light and dark nitrogen fixation. Diel surface nitrogen fixation proceeded at a relatively constant rate except in areas where heterocystic nitrogen-fixing blue-green algae were present (Table 4) . In those areas, dark fixation was less than 5% of the light fixation. However, dark fixation was 70 to 100% of the light fixation in the absence of heterocystic algae. In February, Anabaena patches covered extensive areas in one marsh, and in March a Calothrix crust layered a massive area in a sandy marsh. However, the relatively high fixation generally found was not always due to heterocystic algae, as was the case in July. The dominant alga was an Oscillatoria. It was not possible to determine whether it was fixing nitrogen or was an associated bacterial population.
The carbon and nitrogen content of the upper 0 to 5 mm was noted to be high when heterocystic nitrogen-fixing blue-green algae were present (Table 4) . DISCUSSION S. alterniflora has been found to be nitrogen limited (2, 6, 19, 29, 30, 32) . On the other hand, phosphorus has been shown not to be limiting production as a consequence of the phosphorus reserves in marsh soils (21) . Although Spartina and benthic algae support the detrital food chain, the large microbial community has been shown to be operating below its metabolic potential (i.e., carbon limited) (9, 10, 35; R. R. Christian, Ph.D. thesis, University of Georgia, Athens).
Valiela and Teal (30), Valiela et al. (32) , and Chalmers et al. (3) found that sewage sludge increases Spartina and algal production as a result of the relatively high nitrogen content of sewage (2 to 3%). On the other hand, Van Raalte et al. (33) reported that nitrogen fixation by blue-green algae in Massachusetts was inhibited by high dosages (25.2 g/m2 per week) but not low dosages (8.4 g/m2 per week) offertilizer (10% N). Although they did not investigate rhizosphere nitrogen fixation, the surface fixation data from the low-dose plots agree with the nitrogen fixation data reported here.
To investigate the enhancement of nitrogen fixation by sewage sludge in the Georgia marsh, a relatively simple field experiment was designed (see Fig. 2 ). In general, the results indicate that the energy source for nitrogen fixation in the soil was most likely Spartina carbon:
1. Nitrogen fixation was significantly higher in the unclipped than in the clipped soil plots. Thus, the removal ofSpartina shoots prevented any carbon input via the roots, other than possibly the diffusion of surface algal carbon into the rhizosphere. In a system similar to salt marshes, it has been determined that nonsymbiotic nitrogen fixation was stimulated in the rhizosphere of rice plants (17, 24, 36 (10, 16, 18, 20) . The immediate inhibitory effect of combined nitrogen on nitrogen fixation has no doubt decreased, via chemical or biological transformations, between nitrogen amendments and sampling of the marsh for nitrogen fixation activity. Therefore, the increase in Spartina productivity from the nitrogen amendment outweighed the inhibitory effect of inorganic nitrogen on nitrogen fixation in the field.
4. It was found that addition of glucose to the plots suppressed nitrogen fixation in the soil. However, nitrogen fixation in soil slurries was immediately stimulated by a number of different carbohydrates (10) . This can be explained if the glucose was consumed along with the available soil nitrogen by the microbial community, thereby reducing the utilizable Spartina nitrogen pools in the soil. As a result, the plants were further nitrogen stressed. Plants in the glucose-amended plots appeared yellow, whereas plants in the nitrogen-amended plots were green. Therefore, Spartina production supported the energy requirements of heterotrophic nitrogen fixation in Georgia salt marsh soils.
Bacterial and blue-green algal nitrogen fixa- Considerable effort has been made to estimate the relative importance of various nitrogen fluxes and nitrogen standing stocks in the marshes of Sapelo Island (9) . As for accurate conversion of ethylene units to nitrogen units, since conversion factors have been shown to range from the theoretical ratio of 3:1 to 18:1 (23). Nevertheless, extremely good estimates can be derived from the existing ethylene production data (Eldor A. Paul, University of Saskatchewan, personal communication). Therefore, rates of ethylene production were converted to annual potential nitrogen fixation rates based on a 3:1 conversion factor (13) ( Table 5 ). The yearly nitrogen fixation rate of 20 to 50 g of N2/m2 could significantly support autotrophic production (plant and algae) in the marsh. Haines et al. (9) reported that the nitrogen flux through marsh autotrophs may be as high as 30 to 40 g of N/M2 per year.
In conclusion, sewage sludge apparently enhances rhizosphere nitrogen fixation in the soil by stimulating Spartina production in the salt marshes of Georgia. However, its effect on other processes may be inhibitory. For example, dentrification in Georgia marshes was inhibited by sewage sludge (3).
